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Ward O. Winer, Principal Investigator 
I. Introduction 
This renewal application is for the second year of NSF Grant No. 8320502 
entitled "Thermal Phenomena in Tribology". The Award letter dated June 26, 
1984 stated the award was a continuing award approved on scientific merit for 
three years subject to scientific progress and availability of funds. This 
document presents a summary of scientific progress to date and the budget 
request for the second year. 
II. Summary of Scientific Progress 
Significant scientific progress has occurred during the first 10 1/2 months of 
thic grant (July 1, 1984 to mid-May 1985 when this report was prepared). The 
timing of grant initiation made it possible to partially support a Ph.D. 
student who was well into his research. Therefore the time supported was very 
productive. This was fortunate because the two major pieces of capital 
equipment included in the first year grant were not functional until well into 
the grant period. The IR scanning system with microscopic optics was not 
complete until the end of January 1985. The computer mass storage system for 
storing video IR images has only recently become operative having had to be 
returned to the manufacturer once. Both systems are operational now as is a 
real-time video frame analyzer which became available through a DOD-URIG. 
This system will play an important role in the progress over the remaining 
period of the grant. 
IIa. Analysis of Surface Temperatures in Tribo-elements 
Two papers have been completed and submitted for publication concerning the 
surface temperatures in sliding tribo-contacts [1,2]. These papers were 
extensions of the Ph.D. Thesis research of Burak Gecim [3]. The subject of 
these studies was the effect of system variables on the surface temperature. 
The system variables studied included the presence of thin layers [1] and 
gross geometry [2]. These represent common variations in rotating tribo-
elements. 
The layer study [1] consisted of the solution to the steady heat conduction 
problem of a rotating layered cylinder. The governing differential equations 
(for the film and the substrate) were solved by using an integral transform 
technique. The presence of a surface film the thickness of which is measured 
in micrometers can substantially change the level of the surface 
temperature. 	The effect of the surface film on the surface temperature 
depends on: respective thermal properties of the film and the substrate; 
relative surface speed; heat source (contact) size; and surface film 
thickness. The extent of the effect of the film on the surface temperature is 
limited to a range of these parameters. Outside this range (i.e., thin 
film/low speed or thick film/high speed) the surface temperature rise is 
determined by the thermal properties of the substrate, or by the properties of 
NSF Proposal Renewal 
page 2 - 23 May 1985 
the film alone, respectively. Hence, outside this range, a further change in 
the film thickness does not influence the surface temperature rise. 
Dimensionless plots showing the change in surface temperature rise as a 
function of material thermal properties, surface speed, heat source size, and 
film thickness are presented. Behavior for specific material combinations are 
also presented. 
In the second paper [2], the three cases presented are variations in the 
geometry and the thermal boundary conditions pertinent to the classical flash 
temperature theory. 	First, the case of multiple surface heat sources is 
presented. 	The relative location of the sources is the critical factor in 
predicting the local temperatures at each contact. 	Second, the case of a 
short cylinder (or a disk) is analyzed. 	In addition to the lateral surface 
boundary conditions, convective cooling from the side faces is considered. A 
considerable reduction in bulk temperature can be achieved by effective 
cooling from the side faces. Third, the case of a hollow cylinder is studied 
where, in addition to the outer boundary conditions, uniform internal heating 
(or cooling) is considered. The bulk temperature can be varied significantly 
by changing the magnitude (and direction) of the internal heat flux. 
m wiird analytical effort was started and will be continued. 	That is the 
stochastic modelling of the surface temperatures at the real areas of contact 
in unlubricated sliding contacts. This model builds on the transient asperity 
temperature analysis [3,4]. The location and size of the real areas of 
contact are generated randomly within specified limits and the transient 
temperature at the spot is determined by the published analysis [4]. The 
specified limits are that the spot must be within the apparent area of 
contact, must have a diameter within a range consistent with experimental 
observation, and the total area of spots must be equal to the applied load 
divided by the material hardness. A given spot will remain as an active load 
support as long as the maximum surface temperature is less than some fraction 
of the melting point of the material in degrees Kelvin. The last requirement 
is based on the assumption that as the surface temperature increases, as a 
result of frictional heating, it will reach , a value where the material will 
flow under the applied stress. Once the flow begins the load is shifted to a 
new location. This model qualitatively fits some of the observations of 
surface temperature dynamics as viewed in infrared video recordings. If this 
analysis can adequately model surface temperature dynamics, one may be able to 
manipulate the model to determine the engineering parameters (such as surface 
geometry and material properties) which control the transition between mild 
and severe wear. This modelling will continue in the second year of the 
program. 
IIb. Experimental Observations of Surface Temperatures 
Observations of surface temperatures have proceeded along three distinct 
paths, two of which have already lead to the submission of publications [5,6 
and 7]. These first two were concerned with hard bodies sliding against hard 
bodies. The third effort is concerned with this surface temperatures of 
compliant polymers sliding against a hard surface and is part of the 
cooperative program with BAM in West Berlin. 
The surface temperature observations for hard surfaces have progressed from 
photographic color-temperature studies of steels sliding against sapphire 
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[5,6] in a pin-on-disk device to infrared scanning measurements of the surface 
temperature of an automotive cam loaded against a flat lifter [7]. The pin-
on-disk experiment was nominally steady (e.g., applied load and sliding speed) 
yet the real area of contact was very dynamic. By varying the film exposure 
time when photographing the hot spots at the sliding interface, the 
instantaneous number of real areas of contact could be estimated and was found 
to be about seven. The results of this work are an important adjunct to the 
oxidational wear modelling work of T. F. J. Quinn [6]. 
The automotive cam and lifter work was part of the thesis research of Jan 
Griffioen [8]. He was able to take advantage of a sophisticated cam and 
lifter simulator built in this laboratory under a contract with General Motors 
Research to study cam and lifter tribology. The research conducted under the 
NSF grant was to develop the IR optics, data retrieval and analysis systems to 
measure the infrared radiation from the cam surface at peak lift for cam 
speeds up to 1500 rpm. The scanner used was the AGA unit on loan from the 
Architecture School which the student had started to work with before this 
grant began. For bulk oil temperatures of 100°C peak lift cam temperatures 
were in excess of 300°C which has significant implications with respect to 
lubricant oxidation, lubricant surface reactions and surface layer formations. 
Ine tnird area of surface temperature measurement is that of a polymer (PTFE) 
sliding against CaF2. The program is in cooperation with H. Czichos at BAM in 
West Berlin. The West German group has conducted an extensive study of the 
triological behavior of polymers sliding against glass [9]. The conditions 
used are a sliding speed of 17 mm/s and a load of 20 N on a 3 mm diameter 
pin. 	They [9] have shown that after several hundred meters of sliding the 
wear rate increases several fold and the wear mechanism changes. 	Visual 
observations were made by video recording the wear surface with a microscope 
viewing through the glass surface. Because of a known transition temperature 
of PTFE near room temperature, it is thought that the transition in wear may 
be thermally induced. Our part of the program is to attempt to measure the 
surface temperatures of the PTFE during sliding. To date we have duplicated 
the BAM friction and wear measurements including the observation of the wear 
transitions and wear morphology on video tape for glass and sapphire 
countersurfaces. IR video recordings have been made with the sapphire 
counterface. The change in character of the surface associated with the wear 
transition was observed. However, because of the low temperatures and limited 
IR transmission of the sapphire the signal-to-noise ratio is low. The CaF 2 
 single crystal was chosen for its high IR transmission and because the 
temperature rise anticipated is only a few degrees Celsius. At the time of 
this writing the IR video tapes have been obtained and the wear transition 
observed in the IR image, but the temperatures have yet to be quantified. 
This research will also be continued in the second year of this program. 
In summary several exciting advances have been made during the first year. 
The capital equipment made available will be in full operation by the end of 
the first year which will be of great advantage in subsequent years of the 
program. 
II. Funds Estimated to be Remaining at End of One Year 
This request is for the second year funding to begin in mid-September. It is 
estimated that the funds remaining will be less than $500. 
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Ward 0. Winer, Principal Investigator 
I. Introduction 
This renewal application is for the third year of NSF Grant No. 8320502 
entitled "Thermal Phenomena in Tribology". The Award letter dated June 26, 
1984 stated the award was a continuing award approved on scientific merit for 
three years subject to scientific progress and availability of funds. This 
document presents a summary of scientific progress during the second year and 
the budget request for the third year. 
II. Summary of Scientific Progress 
Significant progress was made during the first year of the grant (7/84 to 
6/85) because the grant started at a time when two PhD students were well into 
their research. As reported in the progress report last year there were 
several publications accepted for publication during the first year. The 
progress during the second year has been both in the starting of new projects 
and continuing existing projects with new students. Although exciting 
progress has been made, less work has reached the publication stage. The 
experimental studies of the surface temperature dynamics during sliding have 
been continued along two distinct lines as discussed below. The stochastic 
computer modelling of the surface temperatures to predict wear as mentioned in 
the last progress report has not progressed because of the unavailability of 
an interested and qualified student. The projects currently underway are 
expected to yield publishable results during the coming year. 
IIa. Experimental Studies of Surface Temperatures in Dry Sliding. 
These studies have been on either hard surfaces or soft polymeric surfaces in 
unlubricated sliding contacts. 	Quite different surface temperature dynamics 
are observed in these two cases. For the hard surfaces the surface tempera-
tures fluctuate very rapidly under nominally steady sliding conditions. The 
instantaneous temperatures can be quite high. For the softer polymeric sur-
faces the surface temperatures are much lower and fluctuations are not 
observed. 
In the case of hard sliding surfaces several methods of observation have been 
employed to gain insight into the behavior of the high temperature regions on 
the surface during sliding. Single line IR observations show that some of the 
hotspots last less than 400 microseconds while others can persist for up to 
200 milliseconds as seen in the field scan mode. Therefore the fixed scanning 
rate of the infrared system is unable to definitively determine how many spots 
exist simultaneously. Also, in the case of the hard surfaces, many of the 
hotspots could be seen with the naked eye and have been photographed with 
ordinary film. Therefore an attempt was made to record the hotspot dynamics 
simultaneously with high speed motion picture (to 500 frames/second) and with 
a standard video camera using a beam splitter between the contact and the 
cameras. The motion picture results were only of limited value because the 
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hotspots gave limited light intensity for the film exposure. The video tapes 
were analyzed with a video frame analyzer. Because of the nature of the 
detector in each of these cases only those spots whose temperature is greater 
than about 1000 C will be observed. 
The video analysis of the hotspots occurring on the surface of a steel pin in 
dry sliding against a sapphire disk resulted in several interesting observa-
tions. Using computer coupled video frame analysis statistics of spot size, 
number, total spot area, duration, and spot movement could be obtained. The 
details of these studies will not be presented here but will appear in future 
publications. Typical results show that the average spot size is between 50 
and 80 micrometers in diameter and the spot may persist for up to 200 milli-
seconds or more in some cases. As a rule larger spots persist for longer 
periods. The average number of hotspots per frame appears to increase with 
load while the average diameter does not although these trends are not well 
confirmed at this time. 	The ratio of hotspot area to apparent area ranged 
from a high of 0.01 to 0.0001. 	In the limited attempt undertaken to relate 
the hotspot area to the load and the material hardness no obvious relationship 
was found except that the load divided by the hardness may be an upper limit 
on the hotspot area as might be expected. One final interesting observation 
was that in a few cases the hotspot persisted for several seconds and its 
position could be followed with the video analyzer. In one case the hotspot 
persisted for three seconds and moved in the direction of sliding at an 
average velocity of about 100 micrometers per second before it disappeared. 
The surface sliding velocity was 2 meters per second. 
To date we have found the reproducibility of the hotspots to be difficult. 
The study will continue to try to determine the cause of the hotspot formation 
and the relationship of them to the operating conditions of the tribosystem. 
The infrared surface temperature measurements of the sliding polymeric sur-
faces introduced in last year's report have been continued. This work is in 
cooperation with the people at BAM in Berlin who have done extensive research 
on the friction and wear of polymers against glass. The temperature rise is 
much smaller in this case compared to the steel system mentioned above. 
Preliminary results suggest that the temperature rise may be 20 to 30 C for a 
2 nun diameter pin at 20 Newton load and a sliding speed of one meter per 
minute. The transparent disk in this case is CaF2 to obtain adequate infrared 
transmission to measure the surface temperature. The friction and wear 
behavior observed by the BAM study have been repeated and the surface tempera-
ture data is being taken at this time. The collection of the temperature data 
will continue through the Summer of 1986 and, following discussions with the 
BAM researchers in September, a publication is expected. 
A new study in cooperation with the BAM researchers has also been started. 
That is the measurement of the temperature rise in a fretting contact. They 
have been studying the fretting wear of ceramics against ceramics under load 
and oscillating speeds that we can duplicate. In the case of our studies we 
are loading a steel or ceramic ball against a sapphire plate and oscillating 
the plate while viewing the contact through the sapphire plate. Preliminary 
experiments indicate that measurable temperature rises can be observed. This 
work should prove to be quite useful. In general it is assumed that local 
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temperature rises do not occur in fretting wear. These experiments should be 
able to determine the extent to which this assumption is valid. 
IIb. Additional Use of Infrared System 
The scanning infrared system used in this program was a major capital equip-
ment instrument purchased on this grant. It should be of interest to NSF to 
know that this equipment is also being on two research projects of doctoral 
students; both in the school of Mechanical Engineering and one of which is in 
the Tribology laboratory. 
The first is a doctoral student under the direction of Dr. Black who is study-
ing the heat transfer from and temperature distribution on an integrated 
electronic circuit on a chip. The second is a class special project done by a 
doctoral student under my direction, Scot Bair. In a class taught be Dr. D. 
McDowell (a current NSF PYI) the question arose as to whether the material 
temperature rises at the tip of a propagating crack in steel and, if so, can 
it be measured. Scot utilized the infrared camera and was able to obtain 
images of the crack tip temperature rise for a crack propagating in steel. He 
also was able to measure the crack tip velocity to be about 25 meters per 
second. Although it is clear that the plastic zone dimension is smaller than 
the instantaneous field of view of the camera, the measurement suggests that 
the temperature rise is at least 90 C and may be 300 C or more. This research 
may be continued because of its obvious relevance to crack formation processes 
in tribological phenomena. The microscopic optics on the infrared camera 
purchased for the tribological studies has proven to be useful for both of 
these studies. 
In summary several interesting and fruitful studies are underway and are 
expected to lead to publications during the next year. 
III. Funds Estimated to be Remaining at End of Year. 
This request is for the third year of funding to begin in mid-September. It 
is estimated that the funds remaining at that time will be less than $1000. 
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Objective: To develop a basic understanding of selected problems associated with the 
thermal phenomena in tribology. The primary focus being to study the nature of surface 
temperatures in sliding contacts and the role of surface temperatures in wear and load 
capacity limitations of tribocontacts. High local surface temperatures are associated with 
tribocontact failure which is often a limiting factor in advanced mechanical system 
development. 
Accomplishments: The studies can be divided along the lines of analytical modelling and 
experimental studies of surface temperatures in sliding contacts. 
Analytical Modelling: Three papers have been published in which the behavior of surface 
temperatures in sliding contacts was reported. The first modelled the surface temperature 
transient occurring at a circular spot where frictional energy is dissipated on a semi-infinite 
solid [1 & Fig. 1]. The predicted transient times and peak temperatures predicted were 
consistent with those observed in the experimental portion of this study. The transient 
times can be of the order of 10 microseconds with peak temperature rises reaching 1000°C 
or more in typical real areas of friction contact 50 to 100 micrometers in diameter. The 
second paper was concerned with the role of the ever present surface layers on surface 
temperatures in frictional contacts [2 & Fig. 2]. Operational regimes defined by 
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dimensionless variables were determined showing where surface films substantially 
influence surface temperatures. The dimensionless groups were made up of the thermal 
transport properties of the film and substrate, the film thickness, the contact size, and the 
sliding speed. 
In a third paper variations in the geometry and the thermal boundary conditions pertinent 
to the classical flash temperature theory were studied [3 & Fig. 3]. First, the case of 
multiple surface heat sources is presented. The relative location of the sources is the 
criticaifactor in predicting the local temperatures at each contact. Second, the case of a 
short cylinder (or a disk) is analyzed. In addition to the lateral surface boundary 
conditions, convective cooling from the side faces is considered. Third, the case of a hollow 
cylinder is studied where, in addition to the outer boundary conditions, uniform internal 
heating (or cooling) is considered. 
A third analytical effort was the stochastic modelling of the surface temperatures at the 
real areas of contact in unlubricated sliding contacts. This model builds on the transient 
asperity temperature analysis. The location and size of the real areas of contact are 
generated randomly within specified limits. The specified limits are that the spot must be 
within the apparent area of contact, must have a diameter within a range consistent with 
experimental observation, and the total area of spots must be equal to the applied load 
divided by the material hardness. A given spot remains as an active load support as long as 
the maximum surface temperature is less than some fraction of the melting point of the 
material in degrees Kelvin. The last requirement is based on the assumption that as the 
surface temperature increases, as a result of frictional heating, it will reach a value where 
the material will flow under the applied stress. Once the flow begins the load is shifted to a 
new location. This model qualitatively fits some of the observations of surface temperature 
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dynamics as viewed in infrared video recordings. This modelling effort was redirected 
when funds became available from the DOE/ECUT program to undertake a transient 
thermal stress analysis with temperature dependent properties which could be used as the 
failure criteria. This research which was supported by this NSF grant and the DOE 
program resulted in one Ph.D. Thesis (B. Y. Ting, ref. 10) and two papers (ref. 13-15). This 
portion of the research showed that thermal softening and flow can be a mechanism of 
wear in brittle materials, such as ceramics, under some tribological conditions. The 
observation of that type of wear had been observed in the experimental part of this 
research program. 
Experimental Observations of Surface Temperatures: Observations of surface 
temperatures proceeded along three distinct paths. These first two were concerned with 
hard bodies sliding against hard bodies. The third effort is concerned with the surface 
temperatures of compliant polymers sliding against a hard surface and is part of the 
cooperative program with BAM in West Berlin. 
The pin-on-disk experiment was nominally steady (e.g., applied load and sliding speed) yet 
the real area of contact was very dynamic. By varying the film exposure time when 
photographing the hot spots at the sliding interface, the instantaneous number of real areas 
of contact could be estimated and was found to be less than or equal to seven. The results 
of this work are an important adjunct to the oxidational wear modelling work_of T.F.J. 
Quinn [4 & Fig. 4]. 
The video analysis of the hotspots occurring on the surface of a steel pin in dry sliding 
against a sapphire disk resulted in several interesting observations. Using computer 
coupled video frame analysis statistics of spot size, number, total spot area, duration, and 
spot movement could be obtained. Typical results show that the average spot size is 
between 50 and 80 micrometers in diameter and the spot may persist for up to 200 milli- 
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seconds or more in some cases. As a rule, larger spots persist for longer periods. The 
average number of hotspots per frame appears to increase with load while the average 
diameter does not. The dependence of number, size, and intensity of hot spots on 
tribological operating parameters requires further study. The ratio of hotspot area to 
apparent area ranged from a high of 0.01 to 0.0001. In the limited attempt undertaken to 
relate the hotspot area to the load and the material hardness, no obvious relationship was 
found except that the load divided by the hardness may be an upper limit on the hotspot 
area as might be expected. One additional interesting observation was that in a few cases 
the hotspot persisted for several seconds and its position could be followed with the video 
analyzer. In one case, the hotspot persisted for three seconds and moved in the direction of 
sliding at an average velocity of about 100 micrometers per second before it disappeared. 
The surface sliding velocity was 2 meters per second. Therefore, the hotspot moved at a 
velocity about 5000 times slower than the opposing surface. 
The coincidence of industry-supported automotive cam tribology studies and these thermal 
phenomena studies afforded. the opportunity to measure the surface temperatures of 
operating cam and lifter surfaces. This work showed that at peak lift for cam speeds up to 
1500 rpm and bulk oil temperatures of 100°C cam temperatures were up to 300°C. 
Temperatures of this magnitude have significant implications with respect to lubricant 
oxidation, lubricant surface reactions and surface layer formations [5 & Fig. 5]. 
The third area of surface temperature measurement is that of a polymer (PTFE) sliding 
against CaF2. The program was in cooperation with H. Czichos at BAM in West Berlin. 
The West German group has conducted an extensive study of the tribological behavior of 
polymers sliding against glass. The conditions used are a sliding speed of 17 mm/s and a 
load of 20 N on a 2 mm diameter pin. Our part of the program was to measure the surface 
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temperatures of the PTFE during sliding. We duplicated IR video recordings made with 
the CaF2 counterface. The CaF 2 single crystal was chosen for its high IR transmission and 
because the temperature rise anticipated is only a few degrees Celsius. Surface 
temperature and bulk temperature of the PTFE pin, as well as bulk temperature of the disk 
at the end of the experiment, are measured. At the conditions mentioned above, surface 
temperature is constant within one degree and about 5 to 7°C above the bulk pin 
temperature 3 mm below the surface. As sliding speed is increased, these surface 
temperatures increase. It could not be concluded from these observations that the polymer 
wear observed at these mild conditions was thermally driven. 
The grant also permitted this laboratory to participate in the VAMAS international study 
on the development of wear standard testing procedures. In addition to normal 
cooperation as a participating laboratory in the round robin procedures, experiments were 
conducted to measure the surface temperatures during the standard experiments. These 
measurements were incorporated in the summary publication by Czichos (ref. 7). 
Additional Use of Infrared System: The scanning infrared system used in this program was 
a major capital equipment instrument purchased on this grant. This equipment was also 
used on two research projects of doctoral students; both in the School of Mechanical 
Engineering, and one of which is in the Tribology Laboratory. The equipment continues to 
be a major asset of the laboratory. 
The first was a doctoral student, Stephen Fook-Geow Heng, under the direction of Dr. 
Black who was studying the heat transfer from and temperature distribution on an 
integrated electronic circuit on a chip. The second was a class special project done by a 
doctoral student under my direction, Scott Bair [6 & Fig. 6]. In a class taught by Dr. D. 
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McDowell (a current NSF PYI), the question arose as to whether the material temperature 
rises at the tip of a propagating crack in steel and, if so, can it be measured. Scott utilized 
the infrared camera and was able to obtain images of the crack tip temperature rise for a 
crack propagating in steel. He also was able to measure the crack tip velocity to be about 
25 meters per second. Although it is clear that the plastic zone dimension is smaller than 
the instantaneous field of view of the camera, the measurement suggests that the 
temperature rise is at least 90 C and may be 300 C or more. This research may be 
continued because of its obvious relevance to crack formation processes in tribological 
phenomena. 
Continued Studies: The capabilities, both experimental and analytical, for studying 
thermal phenomena in tribology developed under this NSF grant have established a firm 
basis for further research and development in the area. They have been a major reason for 
attracting additional governmental and industrial research funds to this laboratory. 
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Fig. 1. 	Transient surface temperature 
versus radial 	position 	for 	three 
different Fourier numbers (r o is radius 
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Fig. 	3. 	The dimensionless surface 
temperature versus the angular location 
where the second heat source is placed 
at different positions as indicated by 
the arrows. The temperature distri-
bution due to the first source along is 
shown by the thick solid line 
[Fig. 4, Ref. 3].  
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Fig. 18 Isotherms, Isl cim .,-.. 1500 rpm, Two, = 100 C 
Fig. 5. 	Lam surface temperature at 
peak life 	for 	stated conditions 
[Figures 16-18, Ref. 5] 
Fig. 6. 	Colorized 	thermogram 	of dynamically 
propagating crack in tool steel plate 0.4 mm thick. 
Original notch position noted. Scanning rate 4 kHz 
with an instantaneous, field of view of 300 micro-
meters diameter [Ref. 61. 
